A rapid assay for cholera toxin (CT) has been developed using a fluorescence-based biosensor. This sensor was capable of analyzing six samples simultaneously for CT in 20 min with few manipulations required by the operator. The biochemical assays utilized a ganglioside-"capture" format: ganglioside GM1, utilized for capture of analyte, was immobilized in discrete locations on the surface of the optical waveguide. Binding of CT to immobilized GM1 was demonstrated with direct assays (using fluorescently labeled CT) and "sandwich" immunoassays (using fluorescently labeled tracer antibodies). Limits of detection for CT were 200 ng/ml in direct assays and 40 ng/ml and 1 g/ml in sandwich-type assays performed using rabbit and goat tracer antibodies. Binding of CT to other glycolipid capture reagents was also observed. While significant CT binding was observed to loci patterned with GD1b, Gb3, and Gb4, CT did not bind significantly to immobilized GT1b at the concentrations tested. This is the first description of such a non-antibody-based recognition system in a multi-specific planar array sensor.
The diarrheal disease cholera currently affects over 100,000 people worldwide each year (1) . Ninety percent of persons who develop cholera experience only mild to moderate diarrhea; cholera is therefore often difficult to distinguish from other kinds of acute diarrhea (2) . Whereas rehydration therapy may reduce cholera mortality to less than 1%, mortality rates can approach 50% if illness is left untreated (3) . Moreover, in untreated, severe cases, death may result from dehydration within 3-4 h. Diagnosis must therefore be sensitive and timely, especially in severe cases, where water loss may reach 10 -20 liters per day.
While the presence of "rice-water stools" is often used for diagnosis of cholera, definitive diagnoses are based on isolation and identification of the causative organism from stool or vomitus. Culture of the causative organism often requires between 8 and 24 h, which may mean delay of diagnosis. Moreover, of the 60ϩ serotypes of Vibrio cholerae, only a single serotype (O1) is known to cause disease (3) . Therefore, simple culture of V. cholerae may not be sufficient to definitively determine the cause of the disease.
In the absence of a rapid, sensitive diagnostic assay, immunoassays (ELISAs) 2 may be utilized to confirm the presence of cholera toxin (CT), the causative agent of clinical symptoms. ELISAs have several advantages over standard microbiological techniques: this technique requires significantly less time to obtain results (several hours versus one to several days), is both sensitive and quantitative, and detects the actual causative agent of illness (versus a potentially benign serotype). However, ELISAs are laborious, require at least 90 min for results, and require trained personnel to perform.
Here we describe rapid detection of CT using an evanescent wave, ganglioside-based, array biosensor. The array sensor offers several advantages over standard ELISA techniques: portability, ease of use, sensitivity equal to ELISA techniques, and rapidity of response. We have previously demonstrated the ability of the array system to detect bacterial, protein, and viral analytes in mixtures or in complex matrices using rapid (13-30 min) assay protocols (4 -6) . While the 1 To whom correspondence should be addressed. 2 Abbreviations used: ELISA, enzyme-linked immunosorbent assay; CT, cholera toxin; PBS, phosphate-buffered saline; OTS, octadecyltrichlorosilane; PBS, phosphate-buffered saline; PBST, PBS containing Tween 20; PDMS, poly(dimethylsiloxane); MFS, mean fluorescence signal.
previously described array sensor assays utilized antibodies for detection and measurement of analytes, the method described here utilizes the interaction of CT with its cellular receptor, GM1, for recognition of CT. This system represents a further development in detection using array-based biosensors: namely, incorporation of (non-antibody) receptor:ligand interactions for detection of toxic analytes in a user-friendly, rapid manner.
MATERIALS AND METHODS

Biochemicals, Antibodies
Purified cholera toxin (from V. cholerae type Inaba) was purchased from Calbiochem (La Jolla, CA). Rabbit and goat anti-CT IgGs were obtained from Biogenesis (Brentwood, NH); immunogen for the goat antibodies was CT B subunit. Monoclonal antibodies directed against the B subunit of CT (clones 3D11 and 1H4) were purchased from BIODESIGN (Kennebunk, ME). Gangliosides were obtained from Matreya, Inc. (Pleasant Gap, PA) and were used without additional purification.
Tracer antibodies and CT were labeled with the cyanine dye, Cy5 Bisfunctional Reactive Dye ( ex ϭ 649 nm, em ϭ 670 nm; Amersham Life Science Products, Arlington Heights, IL). Protein was diluted to 1-2 mg/ml final concentration in 50 mM borate, pH 9, containing 40 mM NaCl; diluted protein and dye were incubated for 30 min at room temperature, using 1 packet of dye per 3 mg of protein. Fluorescent protein and unincorporated dye were subsequently separated by gel filtration on Bio-Gel P10 (Bio-Rad, Hercules, CA), equilibrated with phosphate-buffered saline (PBS). Because cholera toxin was provided as a powder lyophilized from a Tris-buffered solution, after rehydration, the buffer was changed to PBS (via a desalting column) before labeling with Cy5 dye. Dye-to-protein ratios varied from 1:1 to 1.5:1.
Rabbit anti-CT IgG was biotinylated for use as "capture" reagent in antibody-based "sandwich" assays; this labeling was performed with biotin-LC-NHS ester (Pierce, Rockford, IL) as previously described (7) .
Goniometry
Contact angle measurements were used to assess the cleanliness of sensor substrates, efficacy of silanization, and effect of ganglioside deposition on the surface characteristics of silanized slides. Equilibrium contact angles were measured on 1-l sessile drops of deionized water using a Ramé-Hart autogoniometer (Mountain Lake, NJ). Mean contact angles were determined from the tangents to the drop at its intersections with the slide surface at both sides of the droplet. The autogoniometer was unable to accurately measure contact angles of less than 8°; therefore, contact angles of Ͻ8°were recorded as zeroes.
To assess ganglioside deposition onto slides treated with silane, 85 l of ganglioside solution (1 mg/ml in 50 mM bicarbonate buffer, pH 8.0) was pipetted directly onto the silanized surface. The droplet was then covered with a glass coverslip equipped with a rubber gasket at its edges (Grace Biolabs, Sun River, OR); the gasket allowed the solution to remain in contact with the surface of the silanized slide without loss in volume due to evaporation or leakage. After 16 h incubation at room temperature and removal of the coverslip, the ganglioside solution was removed and slides were rinsed three times in deionized water. Slides were subsequently dried under N 2 and baked at 120°C for 20 min. Contact angles were measured in locations corresponding to where the ganglioside solution had been in contact with the slide surface.
Preparation of Sensor Substrates
Contamination of glassware used in silanization reactions seriously affected the quality of silane deposition. Therefore, all glassware used in surface chemistry reactions was cleaned by immersion in base bath (saturated KOH in ethanol) and was kept separate from glassware used in other laboratory reactions and manipulations.
The planar waveguides used in this study were standard soda-lime microscope slides (25 ϫ 75 mm, DaiggerBrand, Daigger, Wheeling, IL). Slides were cleaned using a combination of MeOH:HCl and H 2 SO 4 treatments (8, 9) . After exhaustive rinsing with deionized water, the slides were dried under a stream of nitrogen and goniometry was performed to assess surface cleanliness. If a mean contact angle of less than 8°was not obtained, the slide was subjected to additional cleaning by the described method until surface cleanliness was deemed sufficient for silanization.
Slides used in ganglioside-based assays were treated with octadecyltrichlorosilane (OTS); ganglioside capture reagents could then be immobilized by hydrophobic interactions with the OTS-silanized surfaces. Clean slides were placed upright in a Coplin jar and were placed in an N 2 -filled glovebag. Silanization was performed by immersing the cleaned slides in a 0.4% solution of OTS (practical grade, Fluka, Ronkonkoma, NY) in anhydrous toluene (Aldrich). After 1 h incubation under N 2 , the slides were individually removed from the silane solution and were rinsed three times in fresh, anhydrous toluene. After drying under N 2 , OTSderivatized slides could be stored in a sealed jar (in air) at room temperature for up to 1 week without measurable changes in surface characteristics.
Slides for use in antibody-based assays were treated with 3-mercaptopropyl triethoxysilane, N-succinimi-dyl-4-maleimidobutyrate, and NeutrAvidin biotin binding protein (Pierce), as described previously (6) . The resultant NeutrAvidin-coated slides were stored at 4°C in phosphate-buffered saline (PBS), pH 7.4, until patterning.
Patterning of Capture Reagents onto the Sensing Surface
Immobilization of capture reagents onto treated microscope slides was accomplished by noncovalent interactions: glycolipid capture reagents were immobilized onto OTS-treated surfaces by hydrophobic interactions; immobilization of capture antibodies onto NeutrAvidin-coated slides occurred via an avidin-biotin bridge.
Capture reagents (glycolipids and antibodies) were patterned in stripes on the waveguides as described in detail elsewhere (10), using a multichannel patterning module. Patterning modules were molded from poly-(dimethylsiloxane) (PDMS) to contain six flow channels for application of appropriate capture reagent. Channels (1.5 ϫ 1.5 ϫ 22 mm) were oriented to run along the 1-in. width of the slides, such that patterning would result in the formation of six stripes of immobilized capture species; each stripe could potentially be a different capture reagent (Fig. 1 A) .
Slides used in ganglioside-based assays were patterned with GM1 or other glycolipid within 1 week of silanization. OTS-treated slides were rinsed three times with deionized water and were placed in contact with the patterning module. Pressure was applied to the patterning module until a fluid-tight seal was achieved. Approximately 0.1 ml of 1 mg/ml ganglioside in 50 mM bicarbonate buffer, pH 8.0, was loaded into each flow channel and was incubated for 16 h at room temperature. After removal of the patterning solution, each channel was rinsed with 1.0 ml deionized water, using a multihead peristaltic pump. Slides were then removed from the patterning template, rinsed three times with deionized water, and dried under a stream of N 2 . Patterned slides were then baked for 20 min at 120°C (curing step). Negative controls were included to account for the effect of patterning buffer on the OTStreated surface; control lanes were incubated with buffer only (no ganglioside).
Patterning of slides for use in antibody-based assays was accomplished as follows. NeutrAvidin-coated slides were rinsed with PBS and were placed in contact with the patterning module. Biotin-labeled rabbit anti-CT IgG (10 g/ml in PBS containing 0.05% Tween 20, PBST) was added to appropriate channels and was incubated in contact with the slide for 16 h at 4°C; control lanes contained PBST alone (no antibody). Patterning solutions were then removed and each channel was rinsed with 1.0 ml of PBST, using a multihead peristaltic pump. After removal of the slides from the patterning module, they were then rinsed again with PBS and were stored at 4°C in PBS containing 0.01% sodium azide until use.
Assay Protocols
Assays were performed using a PDMS flow chamber module similar to that described for patterning. However, the flow channels in the assay module were molded to be oriented perpendicular to those of the patterning module; these channels (1.5 ϫ 1.5 ϫ 39 mm) ran along the long (75 mm) axis of the slides. This configuration allowed each sample to flow through an assay channel to encounter all six stripes of patterned ganglioside (10; Fig. 1 B) , resulting in the formation of a 36-square matrix. This format allows six samples to be simultaneously analyzed for binding to up to six different capture reagents (6, 10) .
Direct assays. Direct assays, using fluorescently labeled CT, were performed using the following protocol, using OTS-treated slides patterned with stripes of GM1. An adjustable-speed, multichannel peristaltic pump was used to maintain flow for all steps.
I. 1.2-min wash with PBS containing 0.05% Tween 20 (PBST, 1.0 ml) at a flow rate of 0.8 ml/min.
II. 10-min incubation with fluorescent antigen (in PBST, 0.8 ml) at a flow rate of 0.08 ml/min. III. 1.2-min wash with PBST (1.0 ml) at a flow rate of 0.8 ml/min. This protocol was therefore complete in approximately 13-14 min. The slide was then removed from the assay module, rinsed in deionized water, dried under N 2 , and imaged as described below.
Sandwich immunoassays. Both ganglioside-based assays (using OTS-treated slides patterned with stripes of gangliosides) and antibody-based assays (using NeutrAvidin-coated slides patterned with stripes of antibody) were performed utilizing fluorescent tracer antibodies to detect unlabeled antigen. The sandwich assay protocol was similar to that for "direct" assays, described above, with the addition of two steps (incubation with tracer antibodies and a final rinse) to allow detection of the captured antigen: I. 1.2-min wash with PBST (1.0 ml) at a flow rate of 0.8 ml/min.
II. 10-min incubation with unlabeled antigen (in PBST, 0.8 ml) at a flow rate of 0.08 ml/min. III. 1.2-min wash with PBST (1.0 ml) at a flow rate of 0.8 ml/min. IV. 5-min incubation with tracer antibody (10 g/ml Cy5-labeled tracer in PBST, 0.4 ml) at a flow rate of 0.08 ml/min. V. 1.2-min wash with PBST (1.0 ml) at a flow rate of 0.8 ml/min.
After the final rinse, slides were removed from the assay modules, dried under N 2 , and imaged. The sandwich assay protocol required approximately 20 min from start to finish.
Biosensor Optical Components
Optical components of the array sensor have been described elsewhere in greater detail (11) . Briefly, after completion of the assay, the sensor substrate was evanescently illuminated with a 635-nm diode laser coupled into the end of the slide. The pattern of fluorescence was focused through a GRIN lens array (12) and several filters onto a peltier-cooled CCD camera. Fluorescence intensity data were extracted from the CCD images (11) and the mean fluorescence signal (MFS) for each CT-specific spot was determined. This value accounts for nonspecific binding of the fluorescently labeled molecule (CT or tracer) to unpatterned parts of the slide.
MFS ϭ fluorescence CT-specific spot Ϫ fluorescence local background .
To account for effects of patterning buffer on the silane surface and nonspecific binding of CT to the negative controls (stripes patterned with buffer only), net MFS was also calculated. Net MFS values are presented in Figs. 2 through 5:
Net MFS ϭ MFS capture reagent-patterned loci Ϫ MFS buffer-patterned loci .
Results obtained on different slides were compared using a two-sample, unpaired Student's t test, assuming unequal sample sizes and variances, whereas data from experiments performed on the same slide were compared using a paired Student's t test.
RESULTS
Immobilization of Gangliosides
The cleaning and silanization procedures utilized in this study gave highly reproducible surfaces of uniform quality, provided that glassware used in these steps was kept meticulously clean. Surface quality was routinely monitored by goniometry to ensure that slides were clean prior to silanization (contact angles less than 8°) and that silane coverage was uniform and of good quality (contact angles greater than 85°). Coefficients of variation for contact angle measurements were less than 5% for silanized slides.
A number of different solvent and buffer systems were assessed for their ability to allow immobilization of ganglioside GM1 onto surfaces rendered hydrophobic by treatment with C 18 -silane (Table 1) . GM1 was dissolved into these solutions (to a 1 mg/ml final concentration) and was patterned onto silanized slides as described under Materials and Methods. Quality and reproducibility of GM1 deposition was then measured by direct assay of Cy5-CT binding to the patterned spots. Three concentrations of fluorescent CT were used in these studies (26, 133 , and 660 ng/ml). While binding of CT could sometimes be detected at 133 ng/ ml, values presented in Table 1 were obtained with 660 ng/ml CT. The fluorescence signals obtained at this higher concentration of CT demonstrate more effectively the problems encountered with GM1 immobilization.
No significant signals were observed in lanes that were patterned with ganglioside dissolved in methanol or chloroform:methanol mixes. Fluorescence was sometimes observed when GM1 was patterned from buffers at acidic pH, but results were not reproducible from slide to slide. A similar lack of reproducibility was observed when GM1 was patterned from buffers of high pH (phosphate buffer, pH 12, pH 13). While results obtained with GM1 in carbonate buffer (pH 9.6) indicated significant binding of CT, the variability in signals from slide to slide was unacceptable. However, when 50 mM bicarbonate buffer (pH 8) was used for immobilization of GM1, direct binding of fluorescent CT to patterned spots was reproducibly observed with acceptable variability in MFS (coefficients of variation less that 10%, Table 1 ).
Moreover, goniometry indicated that deposition of GM1 from a bicarbonate solution was both reproducible and significantly altered the surface hydrophobicity. Contact angles of OTS-treated slides (88.9 Ϯ 1.1°) decreased significantly (P Ͻ 0.001) when incubated for 16 h in contact with 1 mg/ml GM1 in 50 mM bicarbonate buffer, pH 8; contact angles of slides after ganglioside immobilization and subsequent curing were 51.5 Ϯ 0.5°. Negative controls did not show any significant change in contact angle after treatment with buffer alone (86.8 Ϯ 1.9°).
The process of curing (baking for 20 min at 120°C) appeared crucial for effective immobilization of ganglioside. Omission of the curing step after incubation with ganglioside did not result in contact angles which were significantly different from those of slides which had been cured (P ϭ 0.1). However, baking prior to ganglioside treatment resulted in no significant decrease in contact angle from preimmobilization control values (91.2 Ϯ 0.4°, P ϭ 0.1), potentially indicating that ganglioside could not be immobilized on a surface which had previously been cured. However, if curing was omitted after patterning, we observed greatly diminished CT binding to GM1-patterned loci, potentially indicating that the ganglioside was "stripped" from the surface during assay (data not shown).
Ganglioside-Based Direct Assays
Once it was demonstrated that GM1 could be reproducibly deposited onto C 18 -silanized slides, direct assays were performed to demonstrate CT binding to immobilized GM1 in a dose-dependent manner (Fig. 2) . Some degree of binding was observed to stripes patterned with buffer containing no ganglioside (negative controls for patterning), as well as in unpatterned loci on the slides. Fluorescence due to this nonspecific binding was significantly higher in direct assays than in the sandwich assays described below (P Ͻ 0.005). Net mean fluorescent signals (net MFS) were therefore calculated to account for this nonspecific binding. Although fluorescence could be observed at lower concentrations, the limit of detection for fluorescent CT was determined to be 200 ng/ml. This limit was defined as the lowest concentration at which the net MFS was greater than the negative control values (buffer used in place of Cy5-CT, "0" value shown) plus three standard errors of the mean (SE).
Ganglioside-Based Sandwich Assays Using Polyclonal Tracers
Sandwich-type assays were developed for detection and quantification of binding of unlabeled CT to GM1 immobilized to the waveguide surface. These assays were analogous to direct assays except that, following a 10-min incubation with unlabeled CT, a fluorescent tracer antibody was added to detect bound CT. Both goat and rabbit polyclonal antibodies were utilized as tracers (Fig. 3) . Net MFS obtained using rabbit tracers were higher than those obtained using goat tracers (P Ͻ 0.05). However, values obtained in the sandwich assays (using both tracers) were significantly below those obtained in direct assays at all concentrations above 40 ng/ml (see Fig. 2 ; P Ͻ 0.025). This effect was not due to differences in labeling efficiencies, as labeled CT and antibody tracers were all modified with dye to the same final fluorophore-to-protein molar ratios (1:1 to 1.5:1). Limits of detection (defined above) for sandwich assays performed using goat and rabbit tracers were 1 g/ml and 40 ng/ml, respectively. Although the net MFS obtained with goat tracers were lower than those obtained using rabbit tracers, the differences in sensitivity and limits of detection were also due to the increased background fluorescence observed with the goat IgGs.
Ganglioside-Based Sandwich Assays Using Monoclonal Tracers
Two monoclonal antibodies were utilized as tracer antibodies in sandwich-type assays. Specificities of 7200 Ϯ 600 100 mM carbonate, pH 9. 6 14,000 Ϯ 5000 50 mM phosphate, pH 12 6800 Ϯ 9600 pH 13 17,000 Ϯ 11,000
a No fluorescence was observed above background levels (three replicate slides).
these clones, 3D11 and 1H4, are directed against epitopes on the B subunits of CT. Figure 4 shows net MFS results with these monoclonal tracers in antibody-based sandwich immunoassays (using immobilized rabbit antibodies for capture) and in gangliosidebased assays (using immobilized GM1 for capture of CT).
In the ganglioside-based system, the net MFS at all CT concentrations higher than 40 ng/ml were significantly lower when monoclonal tracers were used than when polyclonal tracers were utilized (P Ͻ 0.05). Furthermore, monoclonal results (net MFS) were significantly above negative control values only at the highest CT concentration tested (P Ͻ 0.05); limits of
FIG. 2.
Direct assay of fluorescent CT binding to patterned GM1. Samples containing CT labeled with fluorescent dye were incubated with slides patterned with GM1 for 10 min, as described for direct assays under Materials and Methods. Two lanes patterned with buffer only (no ganglioside) were included on each slide (patterning controls). After rinsing, the slides were dried and imaged. The abscissa indicates the concentration of fluorescent CT applied. Values indicated on the ordinate are net MFS ϭ mean fluorescent signals from GM1-patterned spots minus mean fluorescent signals from patterning controls. Each symbol indicates the mean net MFS for three slides ϮSE (n ϭ 4).
FIG. 3.
Sandwich-type assays using polyclonal tracers and ganglioside capture reagents. Samples containing varying concentrations of CT (indicated on the abscissa) were incubated for 10 min with slides patterned with GM1; patterning controls were included on each slide. Following a buffer rinse, tracer antibody (10 g/ml fluorescent anti-CT) was incubated for 5 min. Slides were rinsed, dried, and imaged. Values indicated on the ordinate are mean net MFS for three slides ϮSE (n ϭ 4). Results obtained using rabbit tracer antibodies are indicated with closed circles; results obtained using goat tracers are indicated with open circles. detection were therefore 5 g/ml for both 3D11 and 1H4 in the ganglioside-capture system.
Antibody-Based Sandwich Assays Using Monoclonal Tracers
The same monoclonal antibodies used as tracers in ganglioside-based assays were also utilized in sandwich assays in which immobilized antibodies were used for analyte capture (Fig. 4) . Both monoclonal tracers were able to detect CT in the low nanogram per milliliter range when polyclonal antibodies were used for analyte capture instead of immobilized GM1. Monoclonal detection limits in the antibody-based assays were 1.6 ng/ml for 3D11 and 8 ng/ml for 1H4. At CT concentrations of 40 ng/ml and above, the difference between net MFS between assays using GM1 or rabbit anti-CT antibodies as capture reagents was highly significant (P Ͻ 0.001).
Glycolipid Binding Specificities of CT
Slides treated with C 18 -silane were patterned with different glycolipids to determine the binding specificity of CT in biosensor assays. Capture molecules included globosides Gb3 and Gb4 and gangliosides GT1b, GD1b, and GM1. Sandwich-type assays on the glycolipid-patterned slides were performed as above, using varying concentrations of CT. Fluorescent rabbit anti-CT IgGs were used as tracers. Net MFS obtained from three replicate slides patterned with multiple capture molecules are shown in Fig. 5 . On the abscissa concentrations of CT tested in each assay are shown; to the left of the figure the patterned glycolipids are listed. As expected, CT binding to immobilized GM1 was dose-dependent. However, in the multiganglioside assays, the limit of detection for GM1-patterned lanes was 200 ng/ml rather than 40 ng/ml, due to slide-toslide variability and a lower number of replicates on each slide. CT also bound to other glycolipid capture reagents in a dose-dependent manner: the limits of detection for the other glycolipid capture reagents were 200 ng/ml for GD1b-and Gb3-patterned lanes and 1 g/ml for Gb4-patterned lanes. While there was a dosedependent increase in net MFS in spots patterned with GT1b, net MFS in these lanes were not significantly different from control spots incubated with patterning buffer (no ganglioside), even at the highest concentration of CT (P ϭ 0.1).
DISCUSSION
The interaction of CT with its cellular receptor, ganglioside GM1, is the most well characterized of the many known toxin:carbohydrate receptor interactions. Dissociation constants for the CT:GM1 interaction, derived using a variety of techniques, range from 5 ϫ 10 Ϫ12 to 5 ϫ 10 Ϫ8 M (13) (14) (15) . This relatively strong interaction has been used to advantage in gangliosidebased ELISAs for CT (16 -18) , ELISAs for other toxins (using CT:GM1 binding as a first capture mechanism; 19), affinity purification of CT (20) , and drug delivery/ targeting (21, 22) .
The array sensor utilizes optical waveguides and fluorescence, rather than colorimetric reactions performed in plastic microtiter wells, for detection of bound analyte (4, 10, 11, 23) . This optical technique allows for significantly shortened incubation times when compared to standard ELISAs. Furthermore, use of fluorescence and the configuration of both the optics and fluidics systems have facilitated automation of analyses performed with this biosensor (7) .
Due to the highly hydrophilic nature of the glass waveguides (9), the slides were treated with a longchain silane to allow hydrophobic interactions between the surface and the ganglioside capture molecule. OTS was chosen for surface modification due to the chain length of sphingosine (C 18 ). Under the described conditions, the silanized surfaces yielded water contact angles 15-25°lower than published values for a uniform monolayer of C 18 silane (24 -26). In our hands, these conditions were optimal for deposition of ganglioside onto the surface; silane treatments yielding higher contact angles (Ͼ95°) yielded surfaces to which GM1 did not adhere (data not shown). Curing was also essential for formation of a stable patterned surface; if slides were "precured" before ganglioside deposition, no change in contact angle was observed after incubation with ganglioside, indicating that GM1 was not immobilized. However, omission of the postpatterning curing resulted in surfaces to which CT did not bind as well. These latter results may indicate that the curing step essentially "locked" the ganglioside into place, enabling the immobilized capture reagent to remain on the surface in the presence of a nonionic surfactant (Tween 20) during assays. Insertion of GM1Јs ceramide moiety into the hydrophobic silane layer and/or displacement of silane molecules would leave the oligosaccharide moiety oriented facing the bulk solution, resulting in a more hydrophilic surface, as observed here. In addition, this orientation would be highly favorable for toxin binding, as was also observed in this study.
FIG. 5.
Sandwich-type assays using multiple ganglioside capture reagents: Specificity of CT binding. C 18 -silane-treated slides were patterned with the following gangliosides and globosides: GD1b, GM1, Gb3, Gb4, and GT1b (indicated to the left of the graph); one control lane without glycolipid capture reagent was included on each slide. Sandwich assays were performed on the ganglioside/globoside-patterned slides as described for Figs. 2 and 3, using rabbit tracer antibodies. Indicated below the graph are the concentrations of CT tested. Bars indicate the mean net MFS obtained on three slides patterned with multiple glycolipid receptors (patterned capture glycolipid listed to the left of the graphs).
Dose-dependent binding of CT to immobilized GM1 was demonstrated by both direct binding and sandwich assays. While net MFS from direct assays were higher than those from sandwich assays (P Ͻ 0.025), sandwich assays using rabbit tracers were the most sensitive. This difference in sensitivity was due to higher intraassay coefficients of variation in the direct and sandwich assays using goat tracers, as well as to the specificity of the two tracers. The immunogen for the rabbit antibodies was whole molecule CT, whereas that for the goat tracers was choleragen (B subunit of CT). Binding of CT to immobilized GM1 capture reagent may have rendered some epitopes inaccessible to the goat preparation, resulting in lower signals and decreased sensitivity when compared to rabbit results.
The two monoclonal tracers used in these studies gave low signals and poor sensitivities in the ganglioside-based assays. The poor results were not due to inactivation of the tracers, as assays performed with rabbit anti-CT capture antibodies gave significantly higher net MFS (P Ͻ 0.001) and increased sensitivity. These results further support the hypothesis that the interaction between CT and GM1 in the biosensor assays involves the physiologically relevant binding of the toxin's B subunits to ganglioside receptors on the sensor surface. The ganglioside-based assays had similar sensitivities to analogous antibody-based assays using polyclonal tracers but this similarity was not observed when monoclonals 3D11 and 1H4 were used as tracers. The limits of detection obtained from the two types of assays (antibody-based and gangliosidebased) are summarized in Table 2 . While we observed a 25-fold difference in detection limits between ganglioside-and antibody-based capture assays utilizing polyclonal rabbit tracers, the difference in sensitivities between the ganglioside-and antibody-based assays was approximately 3 orders of magnitude with monoclonal tracers. Because both monoclonals are directed against the B subunit of CT, the 1000-fold difference in sensitivity is likely due to steric hindrance from the interaction of GM1 with the B subunits of CT.
One of the major strengths of the array sensor is its ability to utilize multiple capture molecules for recognition of different analytes. To demonstrate the ability of the biosensor to determine the ganglioside specificity of CT, a number of different glycolipids were patterned onto silanized slides. The binding of CT to each was then assessed by sandwich assay, utilizing rabbit anti-CT tracers. While a number of other groups have demonstrated significantly lower binding affinities of CT for gangliosides other than GM1 (13, 15, (27) (28) (29) , we observed significant binding of CT to a number of glycolipids used as immobilized capture molecules on the array sensor. Some degree of dose-dependent binding of CT to immobilized GT1b was observed; however, fluorescent signals from CT bound to GT1b were not statistically different from control spots where no capture glycolipid was present (negative controls). Therefore, this binding was not considered to be significant in the array system.
On the other hand, we observed significant fluorescent signals from CT binding in loci that were patterned with GD1b, Gb3, and Gb4. The responses in these loci were both dose-dependent and significantly above background levels. Limits of detection for CT on spots patterned with GD1b, Gb3, and Gb4 were in the high nanogram/milliliter to low microgram/milliliter concentration range; MFS at the higher concentrations (1 and 5 g/ml) were in the same range as those observed with GM1-patterned spots.
It is interesting to compare the results observed on the array sensor with those obtained by other groups. While most researchers agree that GM1 is the physiological receptor for CT and that GM1 binds to CT with higher affinity than other gangliosides, there is little agreement as to the strength of the CT:GM1 interaction (13-15, 29, 30) : published dissociation constants range from 3-5 ϫ 10 Ϫ8 M (14, 30) to 5 ϫ 10 Ϫ12 M (15). Moreover, binding affinities to different glycolipid receptors, determined under different conditions using various techniques, are also conflicting (15, 28, 29) .
Results obtained with the array sensor agree with those of Kuziemko (15) and Holmgren (27) , in that CT does not bind significantly to ganglioside GT1b. However, the array sensor demonstrated binding of CT to immobilized Gb3 and Gb4 in a dose-dependent manner, with response levels significantly above those of negative controls. These results conflict with those from other groups, who have shown that binding of CT to immobilized globoside receptors or carrier lipid is nonspecific (15, 29) , with responses not significantly different from negative control levels, even at the highest (g/ml) concentrations of CT used in the assays.
At CT concentrations of 200 ng/ml and 1 g/ml, GM1-patterned spots gave rise to significantly higher MFS (P ϭ 0.05) than GD1b-patterned loci. These results are consistent with trends in the literature, al- though the differences in binding are not as great as those previously described. Kuziemko (15) demonstrated a 40-fold higher affinity for GM1 than GD1b or GT1b; others have observed that this difference is not as great (10-fold difference, 29; 5-fold difference, 27). However, at 5 g/ml, CT binding to GD1b-patterned spots did not significantly differ from binding to GM1-patterned loci (P ϭ 0.1), in contrast to results observed by other researchers (15, (27) (28) (29) .
The contrasting results may be due to different experimental conditions. Shear, toxin concentrations, orientation, and density of receptor molecules on the sensor surface may all affect ligand:receptor binding. Kuziemko and coworkers (15) designed their experimental conditions with high flow rates to decrease the contribution of mass transport and rebinding to their determinations of binding constants. The small size of their flow chamber and resultant high linear flow velocities may have resulted in significantly higher shear than that encountered in the array sensor. Weakly bound complexes may dissociate in the presence of this high shear, but a lower shear may allow these species to remain intact. If CT binding to globoside receptors were due to nonspecific (or very weak) interactions (15, 29) , the lower shear encountered in the array sensor may have allowed these complexes to remain stable enough for detection. Kuziemko (15) addressed the issue of receptor concentration and its effect on apparent binding affinity; the pentameric nature of CT B subunits may cause CT to bind with stronger apparent binding affinity to receptors which are clustered or present in high concentration. This concentration effect has been demonstrated experimentally in microtiter assays (27) and through competition assays using dendrimers constructed with ganglioside oligosaccharides (31) . Furthermore, MacKenzie and co-workers (29) observed that differences in CT binding affinities, on-rates, and off-rates were highly dependent on both CT and receptor concentrations. At low GM1-to-CT ratios, off-rates were faster than at higher GM1-to-CT ratios; K d values therefore depend on conditions encountered in the assays. While it is possible to calculate the actual surface concentration of glycolipid receptor in the SPR experiments, further surface characterizations are necessary if the array sensor and microtiter techniques are to be compared quantitatively.
By using immobilized GM1 as a capture reagent, we obtained sensitivities (40 ng/ml) which compared favorably with several other ganglioside-based assay methods (16 -18, 27, 30, 32) . A recent publication described rapid (5 min) detection of subnanomolar concentrations of CT using a ganglioside-based system (33); use of fluorescence self-quenching and energytransfer techniques was responsible for the rapid response time. However, as with other "reagent-free" systems (30, 15, 29, 32) , specificity becomes problematic if these assays are to be used for identification because several toxins have GM1-binding properties. Use of CT-specific antibodies as tracers in systems such as the array sensor alleviates the problems associated with multiple ganglioside-binding specificities.
The original purpose of this research was to develop a semiselective assay method capable of detecting the family of toxins that bind to ganglioside or globoside receptors. By immobilizing multiple glycolipids on the same waveguide, we sought to selectively detect different toxins by their pattern of binding to the appropriate receptors. While no significant binding of CT to immobilized GT1b was observed, binding of CT to GM1, GD1b, and two globosides was observed at CT concentrations in the nanogram/milliliter to microgram/milliliter range. We have also observed selective binding of tetanus toxin to GT1b with negligible binding to GM1 (data not shown). Further optimization of the tetanus toxin:GT1b system is needed before simultaneous detection of CT and tetanus toxin can be demonstrated on the same sensor substrate. However, the current work demonstrates the potential of utilizing multiple immobilized receptors for detection and identification of a family of toxins in a rapid assay format in a non-antibody-based system.
